Segments of abdominal aorta from spontaneously hypertensive (SHR) and normotensive Wistar-Kyoto (WKY) rats (20-25 weeks) were compared with respect to force production and dynamic mechanical properties. The preparations were mounted in vitro for determination of optimal length (l o ) for active force, and then maximally stimulated (high-K + solution, 10 ITIM Ca 2+ , 10~5 M noradrenaline), and fixed for electron microscopy. Muscle cellular volume per mm vessel wall was significantly (p < 0.01) higher in SHR (0.14 ± 0.009 mm 3 , n = 7) compared to WKY (0.11 ± 0.004 mm 3 , n = 7). Unchanged cell length and unaltered cross-sectional area (17 fim 2 ) of nucleus containing cell profiles in SHR suggest an increased number of cells in the media. No difference was found in maximum force per unit cell area between SHR (271 ± 31, n = 7) and WKY (305 ± 49 mN/ mm 2 , n = 7). Cell orientation was almost circular in both groups, showing that force was measured in parallel to the cell long axis. Aortic segments were mounted in an apparatus for quick-release experiments. They were maximally stimulated and force steps were imposed at peak of contractions. The series elastic component, characterized by the initial elastic recoils at 0.75 l o , had similar stiffness values in SHR and WKY. Velocities were measured 100 msec after release. The results were fitted to Hill's equation and maximum shortening velocity (V ma x) computed. No difference in V max was found at 0.75 l o (WKY: 0.048 ± 0.005; SHR: 0.042 ± 0.006 l o /s, n = 6 for both). At 0.85 l o , the data were corrected for passive tension (40% of total). V max at 0.85 l 0 was 0.071 ± 0.009 l o /s (n = 5) for WKY, and 0.069 ± 0.007 l o /s (n = 5) for SHR. Similar V max and force per cell cross-sectional area suggest similar characteristics of actomyosin interaction in SHR and WKY aorta. (Circ Res 50:  812-821, 1982) 
THE spontaneously hypertensive rat (SHR), originally introduced by Okamoto and Aoki (1963) , is a widely used model for essential hypertension in humans (see Trippodo and Frohlich, 1981) . A consistent observation in SHR is an increased peripheral resistance associated with the elevated blood pressure. According to the Folkow hypothesis (cf. Folkow et al., 1973) , this is related to an increased wall:lumen ratio in arterial resistance vessels. Direct measurements (Mulvany et al., 1978; Warshaw et al., 1979) indicate a reduced lumen and a thicker media in small mesenteric arteries from SHR. The large arteries are subjected to the increased systemic pressure, and although they have only minor resistance function, similar alterations have been found. For SHR aorta hypertrophy and hyperplasia have been reported (Seidel, 1979; Limas et al., 1980) . During recent years, many studies have been concerned with the contractile properties of SHR arteries, and conflicting results regarding maximal force output have been obtained. Whereas some authors (Spector et al., 1969; Field et al., 1972; Shibata et al., 1973; Hansen and Bohr, 1975) have found a decreased, others (Hallback et al., 1971; Mulvany et al., 1978; Arner and Hellstrand, 1981) have reported an unaltered, force-producing ability in SHR vessels. Possible changes in force output of SHR arterial smooth muscle are of importance for the understanding of the etiology of the increased wall thickness, since part of the increased wall: lumen ratio might be compensatory to a decreased force per unit cross-sectional area.
A limited amount of data is available regarding kinetics of actomyosin interaction in intact arterial smooth muscle in general. The economy of tension maintenance, which gives an indication of the crossbridge turnover rate of the isometrically contracting vessel, has been shown to be similar for WKY and SHR aorta (Arner and Hellstrand, 1981) . The tension recovery rates after a small length change applied to the isometrically contracting muscle are similar in WKY and SHR mesenteric arteries (Warshaw et al., 1979) . This might also suggest unchanged crossbridge turnover rate in WKY and SHR. Determination of the force-velocity relation and the maximal shortening velocity (V ma x) is, however, the most appropriate way to obtain information regarding the maximal cross-bridge turnover rate in intact muscle.
The present study is an attempt to compare, in a controlled way, the maximal force output of the smooth muscle cells in WKY and SHR aorta. This requires determinations of length-tension relations, smooth muscle content, and cellular orientation within the preparations. The morphological quantitation makes it possible to discuss at the cellular level the difference in basal energy metabolism reported for the aortic wall by Arner and Hellstrand (1981) .
We have also characterized the force-velocity relations, and on the basis of these, we have compared the kinetics of the actomyosin systems in WKY and SHR aorta.
Methods

Experimental Animals and Preparation Procedures
Male spontaneously hypertensive rats (SHR) and agematched normotensive Wistar-Kyoto (WKY) rats were studied at 20-25 weeks of age. Animal weights were 336 ± 8 g (n = 13) (SHR), 369 ± 8 g (n = 13), (WKY). The rats were obtained, 11 weeks old, from M0llegaards Avlslaboratorium, Denmark, and were housed, given standard rat feed and water ad libitum, at the laboratory until killed. The mean arterial blood pressures of these two stocks of animals from the same supplier are approximately 180 (SHR), and 120 mm Hg (WKY) (B. Ljung, personal communication). In the present study, heart weights were significantly higher (p < 0.01) in SHR compared to WKY (1.32 ± 0.06 vs. 1.04 ± 0.04 g, n = 6 for each group). In one SHR and one WKY rat, the tail artery was cannulated and mean arterial blood pressure was determined. The values obtained in the conscious animals 60 minutes after anesthesia were 175 (SHR) and 120 mm Hg (WKY).
The rats were killed by cervical dislocation and a segment of the abdominal aorta between the renal arteries and the iliac bifurcation was dissected out and freed from loose adventitial tissue. The preparations then were mounted for length-tension experiments or used for quick release experiments (see below).
Solutions
The following solutions were used: (1) "normal Tris" of composition in mM: NaCl, 120; KC1, 6.0; MgCb, 1.2; CaC^, 2.5; glucose, 11.5; Na2Ca-versenate, 0.026; and tris-(hydroxymethyl)aminomethane (Trizma base, Sigma Chemical Co.) 23, titrated with H O to a pH of 7.4 at 37°C.
(2) "nominally Ca ++ -free Tris" obtained by omitting CaCl 2 in the normal Tris solution. (3) "High-K + Tris" prepared as normal Tris except that 100 mM of NaCl was replaced by an equal amount of KG. Different Ca ++ concentrations in this solution were obtained by varying the amount of CaCl2 added. Osmolality of the solutions (about 290 mOsm) was routinely checked on a freezing point osmometer (Knauer). Noradrenaline, when added, was prepared fresh each day from a stock solution (Apoteksbolaget), stored at 4°C. All solutions were gassed with 100% O2.
Length-Tension Experiments
Segments of the aorta, approximately 3.5 mm long, were mounted in an open organ bath on two parallel pins (diameter 0.3 mm each), one fixecLand the other connected to a force transducer (Gras£_ET03) O n an adjustable stand (see inset in Fig. 1 ). The preparations were allowed to accommodate in normal Tris for 45 minutes with a preload of 35 mN, giving a passive tension of approximatley 5 mN/mm vessel wall. Thereafter a conditioning contracture with high-K + Tris (2.5 mM Ca ++ ) was made. The muscles were relaxed in nominally Ca ++ -free Tris and shortened. Passive and active length-tension relations were then determined using the following protocol: (1) accommodation at each length for 5 minutes with passive tension recorded at the end of the period; (2) contraction in high-K + Tris (2.5 mM Ca ++ ) for 10 minutes with registration of active force at the end of this period; (3) relaxation in nominally Ca ++ -free Tris for 15 minutes; and (4) the muscles were stretched to a new length, then back to step 1, above.
After the length-tension relations had been determined the muscles were adjusted to the optimal length (l o ) for active tension development. At this length contractures were made in high-K + with 10 mM Ca ++ . On peak of the contracture, noradrenaline was added to the bath, giving a concentration of 10~5 M. Thereafter, the muscles were relaxed in nominally Ca ++ -free Tris and vessel dimensions determined by microscopy with an ocular scale. The muscles were then fixed for histology, as described below.
Histology
After the length-tension determinations the vessels were fixed in the organ bath at l o using 5% glutaraldehyde in 100 mM Na cacodylate at pH 7.4. After 2 hours the vessels were postfixed in 2% OsO 4 in cacodylate for 90 minutes, and then blockstained for l h hour with saturated aqueous solution of uranyl acetate. After dehydration the vessels were embedded in Vestopal-W 0aeger, Geneva, Switzerland). After polymerization, sections were cut with a glass knife, either for light microscopy (thickness 1-3 jum) or low magnification electron microscopy (60-90 nm).
Morphometry
Media thickness was measured on light micrographs from toluidine stained sections cut parallel to plane A in Figure 1 (longitudinal sections) equidistant to the two muscle holders. Wall thickness for each preparation was calculated as the mean value of 15 determinations along the vessel. Vessel circumference was measured at the middle of the media. Media area per mm vessel wall was determined as the media area (plane A) for the whole preparation (both walls) divided by 2 and by the segment length measured at the end of the length-tension experiment. Intracellular volume was estimated by placing a transparent punctuated film sheet on electron micrographs (EM) of sections cut parallel to plane A (7400X), and counting the relative number of points falling on cell profiles. At least 10 nonoverlap-B FIGURE 1. Cutting planes used for the morphometric analysis of the preparations. Plane A: longitudinal sections; plane B: transverse sections; and plane C; tangential sections. ping EM plates were used for each preparation. The area of nucleated cross-sectioned cell profiles (at least 20 from each preparation) was measured by weighing cut-outs. Muscle cell area per mm vessel wall in plane A was estimated as media thickness X relative amount of intracellular volume (ICV) in the media. Media volume and muscle cell volume per mm vessel segment length were calculated as the circumference at l o times media thickness, and muscle cell area per mm, respectively. Transverse sections were then cut for light microscopy parallel to plane B. Media thickness was measured equidistant to the muscle holders and at the area around them. This thickness was 91 ± 4% (n = 6) for WKY, and 92 ± 2% (n = 7) for SHR, of the thickness equidistant to the muscle holders. This indicates that the compression caused by the muscle holders is small and therefore no correction for its effect on the calculations of media and muscle cell volume per mm vessel was performed. In order to determine the direction of the muscle cells, serial tangential sections were cut parallel to plane C ( Fig. 1 ). From these and the previous sections parallel to plane B the pitch of the cells relative to plane A could be measured by an ocular protractor. An estimate of smooth muscle cell length is obtained as the mean nucleus length (measured in plane C) divided by the percentage of nucleated cell profiles in the transverse sections (plane A) (Gabella 1976) .
Quick Release Experiments
Segments of the aorta, approximately 1.2 mm long, were cut open and attached at both ends to small pieces of plastic film, obtained from magnetic tape, with cyanoacrylate glue (Histoacryl, B. Braun Melsungen AG). The preparations were then mounted in an apparatus for quick release experiments as described by Sjolin et al. (1978) . The muscle is held horizontally in a 2-ml bath between the arm of a capacitance force transducer (compliance 0.2 fim/mN) and an isotonic lever (equivalent mass 8 mg). The lever can be clamped and released by electromagnetic relays. The load on the lever can be varied between 0 and 30 mN by means of a spring, and a stable afterload is established within a few milliseconds after a release. The length and force signals were displayed on a storage oscilloscope (Tektronix 5103N) and on paper (Devices oscillograph Mx4) and recorded on magnetic tape for subsequent computed analysis.
After 45 minutes of accommodation in normal Tris, the active and passive length-tension relations of the preparation were determined following a protocol similar to that described in the section on length-tension experiments. Muscle length was then adjusted to 0.75 l o and contractures, each lasting 2 minutes, were repeatedly elicited with high-K + Tris with 10 IDM Ca ++ and 10~5 M noradrenaline. Between each contracture, the muscle was allowed to relax for 7 minutes in nominally Ca ++ -free Tris. When reproducible contractures had been established, releases were made after 1 minute of contraction, one on each contracture. The releases to afterloads less than active tension were performed in a random order. Thereafter the releases to afterloads exceeding active tension (i.e., stretching the muscle) were performed in order of increasing loads. Muscle length then was adjusted to 0.85 l o and a new series of releases were made using the same protocol as above, except that no stretches were made. The muscle then was relaxed in nominally Ca ++ -free Tris for 15 minutes and a series of releases and stretches were made on the passive muscle.
The length and force records were digitized with a sampling frequency of 1 kHz and computer analyzed as described by Hellstrand and Johansson (1979) . The computer program used calculates the force step and performs a fit of the length record, after the initial elastic recoil, to a double exponential function. Values from the first 250 msec after release were used in the calculations. Shortening velocity was obtained by derivation of the fitted function at 100 msec after the release.
Statistics
All values are given as means ± SEM. Number of observations are given within parentheses. Comparison of SHR vs. WKY were made according to Student's r-test for unpaired data. All curve-fitting was performed on an Alpha-LSI minicomputer, using the least squares method of minimizing the perpendicular distances to the fitted curves, and weighing all points equal.
Results
Morphology
Figure 2 shows longitudinal sections (cutting plane A) of the wall of an aorta from a WKY control rat (2A), and a SHR rat (2B), both fixed at their respective l o . The media of the SHR aorta is thicker than that from the control. In both, elastic lamellae are seen, separating the muscle layers. An impression from these preparations, as well as from the others examined, is that there is a higher number of elastic lamellae in SHR aorta. However, no systematic investigation was performed regarding this.
Low magnification electron micrographs ( Fig. 3 , cutting plane A) suggest that the ultrastructures of the WKY and SHR aortas are not very different. The cross-sectioned muscle cells are arranged in layers separated by elastic lamellae. Between the cells, collagen fibrils and elastic fibers are seen. The crosssectioned area of the muscle cells seems to be similar for the WKY and the SHR aortas. The same seems to be the case for the thickness of the elastic lamellae.
The morphometric results of the whole material are given in Table 1 . There is a significant increase in media thickness for the SHR group. As the ICV values are similar, the muscle cell area per mm vessel wall is also significantly higher for SHR. There is no difference in cross-sectional area of nucleated cell-profiles.
The media volume and the muscle cell volume per mm vessel are higher for SHR. circles) and SHR (filled circles). The force values are expressed as wall tension (i.e., force per mm vessel wall length). Both active and passive length-tension relations are of similar shape in WKY and SHR but shifted toward lower circumference values in the latter group. The optimal length (circumference) for active force development (l o ) was significantly (F < 0.0005) lower in SHR compared to WKY (4.6 ± 0.1 vs. 5.2 ± 0.1 mm, n = 7). If active and passive force values are plotted relative to l/l o , the leftward shift in SHR disappears. At l o , the muscles were maximally stimulated with high-K + Tris containing 10 min Ca ++ and 10~5 M noradrenaline. Active wall tension was higher in SHR, although no significant difference was found (SHR: 7.9 ± 0.7, WKY: 6.2 ± 0.9 mN/mm, n = 7). The preparations were fixed at l o and the above force values, together with the morphometric results (Table 1) , were used to relate force to cross-sectional areas of the media and smooth muscle cells in the vessel wall. The values are given in Table 2 and show no significant difference in force per mm 2 cross-sectional area of media, and per mm 2 smooth muscle cells, in SHR compared to WKY.
Length-Tension Characteristics
Orientation of the Muscle Cells
The orientation of the muscle cells in the media was measured in two perpendicular planes (C and B in Fig. 1) . Three WKY and SHR preparations were studied. About 50 measurements of the angle of the cell long axis to the normal of plane A (Fig. 1) , at different media depths, were made in both planes for each preparation. The results are given in Figure 5 . The measured angles, a in plane C (left panel) and /? in plane B (right panel), are divided into classes (each with a width of 4.2 degrees) and are shown on the abscissae. On the ordinate the relative frequencies (f a and fp) of each class are given. As seen in the figure the cells are orientated almost circularly with a small symmetric scatter. This will, under the assumption that force is transmitted along the long axis of the cells, make our determinations of force per unit cell area in plane A lower than the true force per unit cross-sectional cell area. If no internal forces opposing shortening exist the maximal shortening velocity V max (see below) would, however, be unaffected.
The results given above (Fig. 5) can be used to estimate the influence of cell orientation on the measured force output. When measurements are not (Figure 1) , and the normal to plane A. Three WKY and three SHR aorta preparations were used. For each preparation and plane, about 50 angles were determined. The angles were divided into classes with a width of 4.2 degrees. Positive values indicate deviations to the right when seen in the adventitia-intimal direction (plane C), and the caudocranial direction (plane B). On the ordinate, the relative frequency (f) of each class is given. The histograms indicate that the cell direction is mainly circular.
made relative to the long axis of a cell but at an angle <p, the absolute force is underestimated, and the cell cross-sectional area is overestimated, both with a factor coscp. Thus the relation between force per unit area measured relative to the long axis of the cell (P c ) and at an angle of <p degrees (p m ) is p m = P c X cos 2 cp. If the cross-sectional area in plane A (Fig. 1 ) of the media has N groups of muscle cells, each with a different angle q>, and a relative frequency (or relative area) f^i, the force measured per unit cell cross-sectional area in this plane is: P = p. X cos 2 <p, X P c
(1)
This formula can be used to estimate the true force (P c ) per unit cross-sectional area relative to the long axis of the cell. The angles q« and their relative frequencies f,,j cannot be determined directly but can be estimated. When the angles «j and /?k in two perpendicular planes (plane B and C in Fig. 1 ) of a group of muscle cells are known, the resulting angle rj pj is calculated as: <pi = <j Dj k = a r c t a n v t a n 2 a j + tan 2 /8k-Under the assumption that the distribution of angles in the two planes are independent, the relative frequency of <pi (f<pj ) is obtained as the product of the relative frequencies of aj and fik (f a j and f/fk). The distribution of <p was calculated from the data given in Figure 5 and the quotient P c /P was 1.02 for WKY and 1.01 for SHR. The difference between force per unit cell area in plane A and the true force per unit cross-sectional cell area is thus of minor importance.
Estimate of Cell Length
Cell length was estimated according to the method of Gabella (1976) for the three WKY and SHR preparations used for the determination of cell direction (above). For each preparation, nucleus length was determined (mean of 15 determinations on nuclei with clear zones around their poles). Mean nucleus length was 13.7 to 15.3 /im (WKY), and 13.7 to 14.7 jiim (SHR). In at least 210 cells of each preparation, the relative amount of nucleated cell profiles was determined. Estimated cell length was 111, 114, and 139 jum for the WKY, and 129, 133, and 143 jum for the SHR preparations. This suggests similar cell length in the two groups.
Dynamic Mechanical Characteristics
Since muscle length influences the force-velocity relation (Uvelius 1977) , the individual length-tension relation of each preparation was determined. These results were in good agreement with those described in the previous section. Force-velocity relations at l o could not be obtained with accuracy since the high passive tension at this length made the analysis difficult due to inertial oscillations in the length response. We chose to perform the experiments at standardized relative muscle lengths, 0.75 l o (negligible passive tension), and 0.85 l o (high passive tension which could be corrected for). The length response of the activated muscle shows an initial elastic recoil followed by a transient phase of rapid shortening, lasting about 75 msec, followed by a steady shortening velocity. The response of the series elasticity (SEC) was measured as the initial recoil. Shortening velocity was calculated at 100 msec after release and expressed as fraction of l o per sec. The total tension values (P o ) for WKY and SHR activated at 0.75 l o were 4.53 ± 0.51 and 4.70 ± 0.86 mN/mm (n = 6), respectively. At 0.85 l o corresponding values were 7.40 ± 0.72 and 9.06 ± 1.09 mN/mm (n = 5). At 0.75 l o the passive tension was less than 15% of total (WKY: 0.54 ± 0.06, SHR: 0.62 ± 0.12 mN/mm, n = 6) and no correction was made for the influence of this on the force values. At 0.85 l o , however, passive tension was about 40% of total in both groups (WKY: 2.79 ± 0.31, SHR: 3.76 ± 0.32 mN/mm, n = 5). If the influence of this passive elasticity is to be estimated, an assumption regarding the arrangement of the muscle components must be made (cf. Murphy 1980) . The Maxwell model, consisting of a contractile component (CC) and two elastic components, one in series with the CC (series elastic component SEC) and one in parallel to the SEC and CC (parallel elastic component, PEC) was the one used. The characteristics of the PEC were analyzed from releases made on the relaxed muscle at 0.85 l o . The length of the passive preparation 100 msec after release, was determined for different afterloads, and the length-force relation of the PEC was obtained. The length of the activated muscle 100 msec after release was determined for each force step, and the force of the PEC at this length could then be computed from the length-force characteristics of this element. The force of the CC (and SEC) at each afterload was obtained as total force minus the computed PEC force. (2)
Force Velocity Relations
The curve fits are shown in the figure. The forcevelocity relations for the two muscles are similar and show a weak curvature (corresponding to large values of a/P o and b). The intercepts with the y-axis show the maximal shortening velocities (V max ). Stretching the muscles to P/P o > 1 gave lengthening velocities that were equal to or faster than those obtained by extrapolation of the Hill equation. The mean values of a/P o , b and calculated V ma x [(b X P o )/a] of the whole material are shown in Table 3 . No significant differences in these parameters were seen when WKY and SHR were compared. At 0.85 I o , the force values were corrected for the influence of passive elasticity as described above, and V m ax was obtained by fitting the data to Equation 2. The V max values were higher than those obtained at 0.75 lo for both groups. No significant difference between WKY (0.071 ± 0.009 l o /s, n = 5) and SHR (0.069 ± 0.007 lo/s, n = 5) was found.
Series Elasticity
The series elastic (SEC) recoils of one WKY (unfilled circles) and one SHR (filled circles) aorta at 0.75 l o are shown in Figure 6B (same experiments as in panel A). The SEC recoils are expressed as Al/l o and are plotted against the afterload P. Similar relations are seen for the WKY and SHR aortas. The data for P < P o were fitted to a logarithmic function (3).
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B, A, and K are constants describing the curve, K is a dimensionless constant characterizing the stiffness of the SEC. The values of K are given in Table 3 . No significant difference is seen when WKY and SHR are compared.
Discussion
In the present study we found that the optimal circumference (l o ) for active force development in abdominal aorta was smaller in 20-to 25-week-old SHR than in corresponding WKY rats. This is in accordance with the results of a previous study by Arner and Hellstrand (1981) . The media volume per mm vessel is significantly higher in SHR, due to a considerable increase in media thickness (Table 1) . The relative space of the intracellular volume (ICV) in the media was determined morphometrically (Table 1) . No difference was found between the two groups, and our values (about 42%) are in good agreement with the 41% reported by Olivetti et al. (1980) for rat thoracic aorta. Thus, the smooth muscle volume increases in proportion to the nonmuscular components in the media. With the data on ICV and media volume, the smooth muscle cell volume was calculated and a significantly higher value (Table 1) was found for SHR. The cross-sectional area of nucleus-containing cell profiles was found to be almost the same for WKY (17 jum 2 ) as for SHR (19 /xm 2 ). A similar result has been reported for SHR and WKY mesenteric arteries (Mulvany et al., 1978) . If cell length, as the results suggest, is unaltered in SHR, our results regarding cell diameter are consistent with the hypothesis that the increased media volume is due to hyperplasia of the smooth muscle cells. Seidel (1979) has reported that the amount of DNA in a standardized segment of the aorta is increased in 23-week-oId SHR. If the amount of DNA per cell is constant, this would also suggest hyperplasia rather than hypertrophy as the cause of the increased muscle mass in these animals (Seidel, 1979) , although hypertrophy has been reported for older SHR [age 6-18 months 0urukova et al., 1976) ]. For one form of induced hypertension in the rat (aorta ligature in young rats, Olivetti et al., 1980) , the increase in media volume canalthough some hyperplasia develops (Fernandez and Crane, 1970) -to a major extent be accounted for by hypertrophy of the individual muscle cells. This might indicate a difference in aortic media response to hypertension between these previously normotensive rats, and SHR.
Conflicting results have been obtained regarding maximum force production of arterial smooth muscle from SHR (see introductory paragraph)..The aim of the force determinations in the present study was to compare force development by WKY and SHR aortas at the cellular level under controlled conditions. The results may be influenced by the choice of normotensive control animals, but WKY rats as used in the present study seem to be the most appropriate controls, as they are bred from the same stock as that from which SHR has been developed. We have determined the length-tension relation of each preparation and activated the preparations maximally in high-K + solution with supramaximal doses of Ca ++ and noradrenaline at l o . Force output has been normalized to the media and muscle cell cross-sectional area. Hansen et al. (1980) and Herlihy (1980) have shown, by cutting aorta strips at different angles, that maximum force is attained for strips cut perpendicular to the long axis of the vessel. This shows that the mean force-generating direction of the muscle cells is circularly orientated, and that rings or strips cut perpendicular to the long axis of the vessels, as used in the present study, are more appropriate than helically cut strips. The estimation of maximum force per cell area is, however, influenced by the distribution of the force-generating directions of the muscle cells. We have in the present study measured the angle between the long axis of the muscle cells, and the direction in which force was measured (Fig. 3) . Under the assumption that force is transmitted along the long axis of the cell, the measured force values can be corrected for the inhomogeneity of the cell directions. As shown in Results, the deviation from a perfectly circular arrangement of the cells is small and is similar for the two groups. The factor transforming our force data to force per unit area of cross-sectioned muscle cell was 1.02 and 1.01 at l o for WKY and SHR, respectively, and thus seems to be of minor importance. Maximum active force per unit muscle area (WKY: 305 ± 49, SHR: 271 ± 31 mN/mm 2 ) did not differ significantly between the two groups. This is in agreement with the lack of difference in active smooth muscle stress for small mesenteric arteries from WKY and SHR reported by Mulvany et al. (1978) .
The increased arterial pressure in SHR must be associated with structural or functional adaptations of the aortic wall. As the vessel wall in SHR has an increased media thickness, with smooth muscle cells giving the same maximum active stress as those from WKY, active wall tension is increased (Table 2; Fig.  2 ). Arher and Hellstrand (1981) found the same passive elastic properties in aortas from WKY and SHR of the same age as in the present study, and the passive length-tension curve was shifted toward lower circumference values in SHR. This is also evident in Fig. 4 in the present study. Since active length-tension relations (Fig. 4) in SHR also are shifted toward lower circumference values (l o is in fact significantly lower), total tension is at any circumference higher for SHR. Total wall tension at l o (WKY: 14.4, SHR: 15.7 mN/ mm) corresponds according to the law of Laplace for cylinders to blood pressures of 130 and 162 mm Hg for WKY and SHR, respectively. Thus the decreased radius and the higher wall thickness render the SHR aorta a higher capacity to withstand pressure.
An increased basal energy metabolism of the vessel wall has been reported for SHR abdominal aorta by Arner and Hellstrand (1981) . That study characterized the energy metabolism per unit weight of the whole vessel wall. They found a higher oxygen consumption (Jo,) for relaxed muscles in Ca ++ -free normal and high-K + solution. No difference was found in lactate production, but calculated ATP turnover 0ATP) was higher for SHR in Ca ++ -free high-K + solution. The SHR and WKY rats in the present study were of the same age as those used by Arner and Hellstrand (1981) . We could, by using their metabolic rates and ouj-morphological data, correct for nonmuscle tissue ||rj|he vessel wall. The increased metabolic rates in SHR could then be explained by an increased smooth muscle volume. This suggests that the basal metabolic rates of SHR and WKY smooth muscle cells are similar.
There are only a limited number of studies available on dynamic mechanical properties of vascular smooth muscle. It is, due to different experimental techniques and preparations used, difficult to compare data from different studies. In general, vascular smooth muscle has a low maximum shortening velocity, V max [hog carotid artery: 0.12 1/sec (Herlihy and Murphy, 1974) ; bovine mesenteric vein: 0.02 1/sec (Peterson, 1974) ; rat mesenteric resistance vessels: 0.13 1/sec (Mulvany, 1979) ]. The rat portal vein seems to be an exception [0.74 1/sec for phasic contractions (Hellstrand and Johansson, 1975) , and 0.33 1/sec for K + -contractures (Uvelius and Hellstrand, 1980) ]. Comparisons of V max values are difficult, as it has been shown that V ma x could vary with the mode of activation [rat portal vein and rabbit urinary bladder (Uvelius and Hellstrand, 1980) ] and with time during a contraction [rabbit urinary bladder, (Uvelius, 1979) ]. It is interesting to note in this context that a correlation has been found between V max and the degree of myosin light chain phosphorylation which, after a peak, decreases with time in K + -activated hog carotid artery (Dillon et al., 1981) . As the rat aorta has a considerable passive tension at l o , we chose to perform the force-velocity experiments at shorter lengths. At 0.75 l o , V max was 0.048 ± 0.005 l o /s for WKY and 0.042 ± 0.006 l o /s for SHR.
We have also obtained V max values at 0.85 l o . Corrections must be made for the high passive tension at this length. After characterization of the passive elastic element and under the assumption of a Maxwell model (which seems most likely: see Dobrin and Canfield 1977) , the force carried by the contractile element can be calculated for each afterload. The V max values at this length were similar, 0.071 ± 0.009 l o /s for WKY and 0.069 ± 0.007 l o /s for SHR. These are higher than the corresponding Vmax values at 0.75 l o . A reason for this could be an increasing deviation of the muscle cells from a circular arrangement with shortening. This seems unlikely because the distribution of cell direction is symmetrical, and because a similar dependence of Vma X on initial length has been shown for urinary bladder smooth muscle (Uvelius, 1977) which has a 1:1 relation for length changes of whole preparations and their muscle cells (Uvelius, 1976; Uvelius and Gabella, 1980) .
There was no significant difference between WKY and SHR in the values (Table 3) of the "stiffness" constant K (Eq. 3) characterizing the SEC. The values (WKY: 31, SHR: 23) are close to those for rat portal vein (22) and rat bladder (35) reported by Uvelius and Hellstrand (1980) . A meaningful discussion of this general similarity in SEC properties has to await further information on the anatomical location of this component.
The economy of tension maintenance and V max reflect, although indirectly, the kinetics of the actomyosin interaction during isometric contraction and isotonic shortening, respectively. An inverse relation between the two parameters has been proposed by Riiegg (1971) . The similar V max values of SHR and WKY are thus consistent with the unaltered metabolic tension cost (AJ AT p/AP) in SHR compared to WKY reported by Arner and Hellstrand (1981) . Note that AJATP/AP in contrast to the basal metabolic rate (see above) is unaffected by changes in the relative amount of smooth muscle in the preparations. The low V max value for rat aorta relative to K + -activated rat portal vein (0.33 1/sec; Uvelius and Hellstrand, 1980) agrees well also with the lower AJATP/AP in aorta compared to portal vein (Arner and Hellstrand, 1981) .
The conclusions from the present study are that in association with the raised arterial pressure in SHR, the muscle volume per mm aorta is increased. The equal cell cross-sectional areas and similar cell length in WKY and SHR suggest that aortas from SHR have an increased number of cells. The cellular basal metabolism in SHR is unaltered. The lack of difference in tension dependent metabolism, together with similar maximum active force and V max for SHR and WKY, suggests that the smooth muscle cells in SHR aorta have normal metabolic and mechanical characteristics of their actomyosin system.
